This paper reviews the genetic and physiological characteristics of the Booroola Merino, one of the four most prolific sheep breeds in the world, and which was acquired by CSIRO in 1958 from a commercial sheep property, 'Booroola', Cooma, N.S.W. The exceptional prolificacy of this genotypee.g. mean flock ovulation rate in 1982 of 4·2 (range 1-10) and mean litter size of 2· 5 (range 1-7)-is largely attributable to a single gene (F) of uncertain origin which increases ovulation rate. Crosses of the Booroola with other Merinos produce progeny which have a 47-87% increase in ovulation rate, a 45-56% increase in litter size at birth, and a 1-33% reduction in lamb survival relative to control Merinos. This represents a 16-37% increase in the number of lambs weaned per ewe joined in favour of the Booroola crosses.
Introduction
In Australia, flocks of Merinos genetically different in prolificacy began with Dr Helen Newton Turner's direct two-way selection experiment in 1954 and were followed by further selection experiments with the Booroola Merino after acquisition of this genotype by CSIRO from a commercial breeder in 1958 (see Turner 1978 Turner , 1982 for review). The highly prolific Booroola Merino (hereinafter referred to simply as the Booroola) is now available as a genetic resource for exploitation by industry and for research into the genetics and physiology of ovine reproduction. This review summarizes the research carried oui on this genotype by CSIRO personnel and their collaborators since 1970, when the biological basis of the Booroola's exceptional reproductive performance was first studied extensively. The paper deals briefly with the origin and novel genetic basis of the Booroola and its value in improving productivity of other Merinos but is concerned mainly with the physiological studies of this animal's abnormal ovarian activity.
Origin and Genetic Basis of the Booroola
The CSIRO Booroola flock was formed in 1958 with triplet-and quadruplet-born ewes and a quintuplet-born ram obtained from the SeearsBrothers' property 'Booroola', Cooma, N.S.W. (see Turner 1978) . The duration and exact nature of the selection process used by these commercial sheep breeders in developing this special multiple-birth flock is not known. However, it is established that these breeders practised selection only on ewes and purchased sires annually from stud flocks with no history of multiple births (Turner 1982) . This fact first alerted Dr L. R. Piper to the possibility that the performance of the Booroola ewe may be explained by the existence of a gene (or duplication, deletion or closely linked group of genes) with a major effect on prolificacy: a more conventional quantitative genetic model could not have accounted for the increase in prolificacy observed in the Seears' flock, because any accumulation of genes with small effect would have been offset by the annual introduction of sires unselected for prolificacy.
To test the major gene theory, the occurrence of triplets in a ewe's lambing record was used· as the segregation criterion in an analysis of the lifetime prolificacy records of the CSIRO's foundation Booroola ewes. The classification of the foundation ewes and the performance of their female progeny agreed well with expectation based on the segregation of a single gene (Piper and Bindon 1982a) and was subsequently confirmed by progeny test evidence, in which the genotype Of individual Booroola sires were classified on the basis of their daughters' ovulation rates and, in some cases, by progeny tests on their sons (Davis et al. 1982; Davis and Kelly 1983; Piper et al. 1984) . The prolificacy of the Booroola is now thought to result from the action· of a major gene (F) which increases ovulation rate. Turner (1982) has examined the major gene theory in relation to the origins of the Booroola, and suggested that either the gene could have arisen as a mutation in the Seears' flock or, alternately, it may have survived as a remnant of a gene that existed in either the (non-Merino) 'Cape' or 'Bengal' breeds that arrived in Australia in 1788 and 1792 respectively. Historical evidence favours the Bengal sheep as being the originator of that gene remnant as this sheep was prolific and bred twice per year. In any event both breeds were incorporated into the early flock of Sir Samuel Marsden, to which were soon added some Spanish Merinos after their arrival in Australia in 1797. There is further historical evidence from the Australian Merino Flock Register (see Turner 1982) to show that animals from the Marsden flock were used in the formation of the very Merino studs from which the Seears Brothers made their annual purchases.
Agricultural Significance of the Booroola
The value of the Booroola as a genetic resource lies in its ability to bring about rapid increases in reproductive rate when crossed with other Merinos or with other sheep breeds. This contrasts with the relatively slow progress achieved (i.e. annual genetic gains of 1-2 lambs born per 100 ewes joined) by within-breed selection for prolificacy (Turner 1978) .
Crosses with Other Merino Strains
As an example ofthe effects observed, the results of Booroola (B) crosses with a medium non-Peppin (MNP) strain are described. In each of three successive years five Booroola and five MNP rams were joined to MNP ewes at Armidale, N.S.W., and the ewe progeny then evaluated at ages of 2-4 years. The results, from Piper and Bindon (1982b) , are summarized in Tables 1-3 , which compare ovulation rate, litter size, lamb survival and gross reproductive performance ofMNP and B X MNP ewes. The main conclusions from this study are:
(1) Both the mean and the distribution of ovulation rates were significantly altered in the B X MNP ewes so that their average ovulation rates were 87% higher than the MNP controls. (2) Average litter size of B X MNP ewes increased by 56% compared with MNP ewes. (3) Lamb survival was lower for B X MNP ewes, largely a result of reduced survival amongst multiple births. (4) The combined effects of fertility, prolificacy and lamb survival led to a 16% advantage in lambs weaned for the B X MNP crosses. In the above investigation (Piper and Bindon 1982b) the B X MNP ewes had similar liveweights, wool weight and wool quality. In crosses with strong-wool Merino strains (e.g. McGuirk et al. 1982) , the Booroola-cross ewes produced less wool, about O· 5 kg clean fleece weight less per head, but 29% more lambs were weaned. The Booroola rams used in both of the studies cited above were a mixture of genotypes with respect to the F locus. Further increases in lambing performance could be achieved if homozygous Booroola rams were used to generate the Booroola-cross females, all of which would then carry one copy of the F gene.
Crosses with Other Breeds
The Booroola may also be used to improve the reproductive potential in crosses with British breeds which traditionally form the basis of the prime lamb industry in Australia. Compared with crosses with control Merino ewes, Booroola crosses with Border Leicester and Dorset Horn rams are more prolific and, although lamb survival is lower, have more (12-20%) lambs weaned per ewe joined (Table 4) . These results and those obtained with the Merino described earlier were achieved without special management. More of the potential of the Booroola crosses may be realized by using procedures to enhance lamb survival. Although the Booroola is only used at present in Australia and New Zealand, it could also improve sheep reproduction in other countries, particularly those countries where fine-wool production is economically important.
For these, the Booroola is much more attractive than the other major prolific breeds such as the Romanov (U.S.S.R.), Finnsheep (Finland) and D'Man (Morocco), all of which have either pigmented or poor quality fleeces. The U.S.S.R. has the world's second largest Merino population and could rapidly disseminate the Booroola gene, since some 50 million ewes are artificially inseminated annually (T. W. Scott, personal communication) . Benefits of Booroola crosses could also be better exploited in that country since relatively intensive husbandry is practised where ewes are wintered indoors.
Reproductive Biology of the Booroola Ewe
Since the early 1970s the components of reproduction of the Booroola ewe have been studied to establish the extent to which the Booroola differs from other Merinos. To do this the Booroola has been compared with CSIRO's 'T' and '0' flocks (Peppin-based Merinos selected for and against prolificacy respectively since 1954) and a random-bred control ('C') Merino flock. Complete details of the origin, design and management of these flocks are described by Turner (1978) . The results of these comparisons were reported by and are summarized below. 
Age at Puberty, Duration of Oestrus and Length of the Oestrous Cycle
During a 5-year period age at puberty was assessed by recording the onset of behavioural oestrus in the continuous presence of vasectomized rams. Following a spring lambing less than 10% of Booroola ewes reached puberty in the first year of life. A similar proportion was observed in the T, 0 and C flocks . Early in the second year of life Booroola ewes reached puberty significantly earlier (24 days) than control Merinos and had slightly more oestrous cycles between puberty and their first joining at age 18 months. This is in contrast to the Finnsheep, Romanov and D'Man breeds which all reach puberty in the first year of life, significantly earlier than comparable non-prolific breeds (see Bindon and Piper 1982b, for review) .
Adult Booroola ewes have a similar duration of oestrus (12·9 ± 1·1 h, mean ± s.e.) to control Merinos and this also contrasts with other prolific breeds which have prolonged oestrus (Land 1970; Hanrahan and Quirke 1975; Bindon et al. 1979) .
Booroola ewes have an oestrous cycle of similar length (16·9 ± 0·2 days) to those of 0, T and C Merinos . o flock ewes aged 2-3 years at the start of the investigation. From Bindon and Piper (1976) .
Seasonality of Oestrus and Ovulation
Booroola ewes experience about 40% more oestrous cycles per year than '0' ewes ( Fig. 1 ) and 60% of Booroola ewes ovulate in all months of the year (Fig. 2) , while most 0 Merinos do not ovulate for 4 months of the year. It is not yet known if the long sexual season of the Booroola is an expression of the same gene that is responsible for its prolificacy. Other prolific sheep breeds have a prolonged sexual season (Romanov-Thimonier and Mauleon 1969; Finnsheep-Wheeler and Land 1977; D'Man-Bouix and Kadiri 1975) .
Ovulation Rate and Time of Ovulation
The distributions of ovulation rate in the Booroola and C Merino flocks in 1983 are shown in Table 5 . Ewes with ovulation rates as high as 11 have been recorded and this exceeds that seen in any of the world's other prolific breeds. It is the extreme range in ovulation number (i.e. from 1 to 11) within the Booroola population that is the most distinctive feature of this genotype. This is now thought to be a reflection of the three separate genotypes present in the Booroola flock, which have been tentatively classified (Davis et al. 1982; Piper et al. 1984) 
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These classifications are arbitrary and apply only to Merinos and Merino-Romney crosses. The expression of the F gene may result in different ovulation rate classifications in other breeds (see Piper et al. 1984) .
The number of ovulations recorded for Booroola ewes in successive oestrous cycles has a high repeatability (Bindon 1975; Bindon and Piper 1976) , although this is also a feature of the other prolific breeds (see Land 1978 for review). When separate groups of ewes are subjected to ovarian examination by laparoscopy between 20 and 32 h after the onset of oestrus, it is estimated that the Booroola ewe ovulates about 7·5 h earlier than comparable C Merinos (Bind on et al. 1984a) . This aspect of ovulation has not been examined in other prolific breeds and is significant in relation to the timing of the pre-ovulatory luteinizing hormone (LH) discharge discussed later.
The duration of the ovulatory process is also of interest in prolific ewes. Are all eggs shed simultaneously, or are ovulations spaced throughout oestrus as has been claimed for the Romanov breed (see Desvignes 1971 for review)? This question is difficult to answer since repeated laparoscopy at short intervals, even under general anaesthesia is prohibitively traumatic and in any event barbiturates may interfere with the LH discharge and inhibit ovulation. For Booroola ewes (n = 8) with up to four ovulations, repeated endoscopy (local anaesthesia) at 4-h intervals together with subjective estimation of age of the ovulation rosette, indicated that all ovulations occurred in a period no longer than 4 h.
Litter Size at Birth and Lamb Survival
The following data for the Booroola and C Merino flocks have recently been reported by Piper and Bindon (1982b) . Booroola ewes (n = 522) have an average litter size of 2·29 (range 1-7), with 40% of litters being ~3, while C Merinos (n = 835) had a mean litter size of 1· 22 (range 1-2). Lamb survival was greatly influenced by litter size within the Booroola population: survival rates for lambs born in litters of 1, 2, 3, 4, 5 and 6 were 90, 77, 55, 37, 30 and 28% respectively. For C Merinos comparable values were 880;0 for singles and 79% for twins.
Fertilization and Uterine Capacity
Estimates (±s.e.) of fertilization rates for Booroola, T and C Merinos were O· 93 ± 0·08 (n = 16), 0·83 ± 0·05 (n = 41) and 0·83 ± 0·06 (n = 35) respectively . These rates are not significantly different, indicating that failure of fertilization is unlikely to account for reproductive wastage in the Booroola. Within the Booroola population fertilization rate was also independent of ovulation rate .
Uterine capacity of Booroola ewes has been compared with that of C Merinos by transferring one or three day-3 embryos of a third Merino genotype to Booroola and C ewes (Bindon et al. 1978a) . For ewes given three embryos Booroola recipients had a mean litter size of 2·6 and C ewes a mean of 2·4. The results show that at this level of prolificacy the Booroola ewe does not seem to have any advantage over C ewes with respect to uterine capacity.
Wastage of Potential Embryos
When ovulation rate of Booroola and C Merinos is related to the number of lambs subsequently born , there is a progressive increase in the wastage of potential embryos as ovulation rate increases (Table 6 ). When ovulation rate exceeds three there is little additional increase in mean litter size. Within the Booroola population the distribution of ovulations between the left and right ovaries had no influence on embryo survival: for example, for ewes with four ovulations, mean litter size was O· 95, 1 ·05 and 0·86 for ewes with ovulations distributed 2: 2 (n = 16), 3: 1 (n = 23) and 4: 0 (n = 7), respectively, between ovaries. The embryo wastage pattern relative to ovulation rate in the Booroola is similar to that seen in other prolific breeds (Hanrahan 1980) .
Ovarian Activity Post-partum
Finnsheep and Romanov breeds lambing in spring resume ovarian activity post-partum earlier than non-prolific breeds in the same environment (Land 1971; Thimonier 1975) . Most D'Man ewes begin cycling within 30 days of parturition and conception has been recorded in this breed as early as 12 days post-partum (Lahlou-Kassi and Marie 1984). The Booroola does not share this attribute; found that at 40 days following parturition in the spring, few «2%) Booroola ewes or C Merinos had begun ovulating.
Reproductive Endocrinology of the Booroola Ewe
Examination of the reproductive biology of the Booroola leaves little doubt that the principal effect of the F gene is to cause major alteration of the ewe's ovarian physiology. It can be argued that in the Booroola control of ovarian function has been impaired, because ovulation rates of the magnitude seen in FF ewes would not be compatible with survival of this genotype under normal environmental conditions. This is reflected in populations of non-Booroola Merinos in Australia where ovulation rate rarely exceeds 2, and the predominant litter size is 1.
A qualification should be made about comparisons between Booroola and control Merinos in the following investigations. Although a major gene is responsible for the extremes of ovulation rate within the Booroola flock (Piper and Bindon 1982b) it is also known that the remainder of the Booroola genotype contributes to a small increase in reproductive performance relative to the control population (Piper et al. 1984) . The point to be stressed is that an endocrine difference between a Booroola and control Merino cannot be attributed solely to the major gene affecting prolificacy. The same reservation applies to Booroola X Merino crosses since these contain half the Booroola genotype, as well as the F gene. However, these limitations are less serious than for between-breed comparisons, since the Booroola is a genuine MNP Merino.
An understanding of the endocrine basis of the Booroola's prolificacy may lead to improved utilization of the Booroola as a genetic resource, and to the artificial improvement of prolificacy in sheep and other species.
Gonadotrophin Studies
The pituitary gland was chosen first as the likely basis for genetic differences in ovulation rate. There is compelling evidence that the pituitary is indispensable for ovulation and that treatment with exogenous gonadotrophin will artificially increase ovulation rate in all species examined.
Role of LH and LH pulse frequency
From the review of Baird and McNeilly (1981) it is clear that follicle maturation and ovulation in the sheep is dependent upon an increase in basal LH and LH pulse frequency during the period following luteolysis. Within 60-72 h of luteolysis this increased LH activity induces progressively increased oestradiol secretion causing oestrus and the preovulatory LH discharge. Ovulation occurs about 24 h later.
Whether the Booroola's ovulation rate is related to enhanced LH activity has been studied by comparing LH pulse frequency in the 72 h before ovulation in 10w-and highfecundity genotypes. In one such study of Booroola and C Merinos (Scaramuzzi and Radford 1983 ) Booroola ewes did not have higher mean plasma LH concentration or LH pulse frequency on day 16 of the oestrous cycle. In another experiment Booroola ewes were classified as being putative homozygous (FF), heterozygous (F+) or non-carriers (++) of the Booroola gene. These were compared with C Merinos in September (anoestrous season) and February (breeding season) after synchronization of oestrous cycles by 14 day insertion of medroxyprogesterone acetate (MPA) vaginal pessaries. Measurements of LH in plasma collected at 20-min intervals over 200 min were made beginning 2, 26 and 50 h after pessary withdrawal, which was equivalent to day -3, -2 and -1 before ovulation. The data for ovulation rate, mean LH and the mean number ofLH pulses for ewes which ovulated are shown in Table 7 . Although the ewes' ovulation rates conformed to their genotypic classifications, neither mean LH concentrations or LH pulse frequency was significantly greater in Booroola FF ewes. Overall, both LH concentration and pulse frequency were lower in September than February, perhaps reflecting the transition from anoestrus to the sexual season. In February most ewes averaged approximately one LH pulse per hour during the sampling periods in the 2 days before ovulation, in agreement with data reviewed above.
These results fail to demonstrate a quantitative relationship between LH secretion and prolificacy in the comparison between Booroola and C Merinos and within the Booroola population. Mean plasma LH concentration (hourly and 2-hourly blood samples) in the pre-ovulatory period have been compared in Finnsheep and Suffolk breeds (Webb and England 1982) , following progesterone implant removal. Prolific Finnsheep had significantly lower plasma LH concentrations during the 40 h preceding the pre-ovulatory LH discharge than the Suffolk ewes. Average LH concentrations during the oestrous cycle are also lower in the prolific D'Man breed than in other breeds (Lahlou-Kassi and Marie 1984). Indirect evidence for the involvement of LH pulse frequency in control of ovulation rate should come from experiments in which pulse frequency is artificially altered by exogenous LH treatment in the follicular phase of the oestrous cycle. The most comprehensive study of this type is that of McNatty et al. (1981) , in which it was shown that ovulation and normal luteal function could be achieved with LH levels (in the follicular phase) ranging from 0·7-to four-fold that found in the normal oestrous cycle. Similar ovarian function was achieved with as few as 16 or with as many as 70 LH peaks of comparable size. Since exceptional ovulation rates (e.g. > 2) were not observed in the ewes subjected to these manipulations one must again conclude that ovulation rate is independent of the amount and the secretory pattern of LH in the pre-ovulatory period.
The timing of the pre-ovulatory LH discharge in prolific sheep may be important. In six separate investigations in different laboratories, using different LH assay methods (Table 8) , prolific sheep genotypes other than the Booroola were shown to have an LH discharge which occurred significantly later after the onset of oestrus (and luteolysis) than breeds of low prolificacy. (The amount of LH discharged was not related to ovulation rate.) The physiological significance of this phenomenon was questioned by Cahill et al. (1981) in their study of the Romanov breed, since the number of ovulatory follicles is already decided by this time. In any event the Booroola did not conform to the pattern of other prolific sheep in this regard with both Booroola and controls having an LH discharge about 4· 5 h after the onset of oestrus (Table 8) . A The time between onset of oestrus and the start of the LH discharge.
The effects of the pre-ovulatory LH surge on the ovaries of all genotypes may not be identical, however. This is shown by the fact that ovulation occurs on average, 7·5 h earlier after onset of oestrus in Booroola ewes than in C Merinos, despite a similar timing of the LH discharge (Bindon et al. 1984a ). This may mean that Booroola pre-ovulatory follicles are more sensitive to endogenous LH, perhaps as a result of having more LH receptors in the mural granulosa layer.
Prepubertal Booroola ewe lambs have been shown to have higher concentrations of plasma LH than lambs of the 0 and T genotypes (Bindon and Turner 1974) . In that data, however, the comparison between genotypes was confounded by the fact that triplet and quadruplet lambs had higher LH than singles and twins. Triplets and quads were, of course, confined to the Booroola flock. In a more recent study (B. M. Bindon, J. K. Findlay and L. R. Piper, unpublished data) basal LH concentrations were not significantly different in Booroola, 0 and T ewe lambs at 30 and 45 days of age when appropriate adjustment for litter size at birth was made.
Role of FSH in regulation of ovulation rate
Most authors (see Goodman et a!. 1981 for review) agree that in sheep there is a discharge of FSH coincident with the pre-ovulatory LH discharge and that this is followed about 24 h later by a further FSH discharge at a time when LH concentration remains low. During the luteal phase of the cycle plasma FSH profiles of individual ewes (Salamonsen et al. 1973) show waves of FSH. These are normally obscured when values from different ewes are pooled for a particular day of the cycle, as recently confirmed by Miller et al. (1981) . In the follicular phase of the cycle when progesterone levels are declining, average FSH concentrations do not increase to the same relative extent as basal LH during this period (e.g. Goodman et al. 1981) . However, there is general agreement that FSH concentrations decline significantly in the 24 h preceding the pre-ovulatory FSH and LH discharges. Until recently there has been conflicting evidence for elevated plasma FSH concentrations in prolific sheep breeds. This has been reviewed in detail by Bindon et al. (1984b) .
Peri-ovulatory FSH concentrations were studied in the Romanov breed and breeds of low prolificacy following prostaglandin (PG)-induced luteolysis on day 10 of the cycle . When FSH concentrations were compared over broad time periods (PG to onset of oestrus; during oestrus; from end of oestrus for 24 h), there were no significant differences between the genotypes. This type of study was repeated in more detail by Cahill et al. (1981) in the normal oestrous cycle, and the FSH profiles were aligned with respect to the pre-ovulatory LH discharge. In this case Romanov ewes had a significantly (P<O· 05) greater day 2 FSH peak than another breed.
Significant differences in plasma FSH have also been reported for the highly prolific D'Man breed in Morocco (Lahlou-Kassi and Marie 1984). In a study based on 3-hourly plasma samples throughout the normal cycle of 20 D'Man ewes and 20 ewes of a breed of low prolificacy, it was shown that the D'Man ewes had higher FSH during the periovulatory period including the late follicular phase, the period coincident with the LH discharge and at the time of the day 2 FSH peak. By contrast peri-ovulatory plasma FSH concentrations were not significantly different between Finnsheep and Suffolk breeds (Webb and England 1982) .
What is the significance of the second (i.e. day 2) FSH peak with respect to ovulation? Cahill et al. (1981) showed that the magnitude of the second FSH peak was significantly (P<O· 01) correlated with the number of antral follicles in the ovary 17 days later, leading to the view that peri-ovulatory FSH concentrations may influence ovulation rate of the next cycle. This hypothesis has been tested in Booroola ewes by artificially reducing the second FSH peak with inhibin and is discussed later.
First evidence for elevated plasma FSH in the Booroola genotype came from the study of young (30-day-old) female lambs (Findlay and Bindon 1976) . (The exact classification of these animals with respect to the Booroola gene is not known). This was confirmed in a study in which plasma FSH was measured at 15-day intervals in ewe lambs between 30 and 11 0 days of age (B. M. Bindon, J. K. Findlay and L. R. Piper, unpublished data). At 30 and 45 days Booroola ewe lambs had higher basal FSH and GnRH-induced FSH peaks than lambs from the T and 0 flocks. These differences were not attributable to differences in litter size at birth of the lambs studied, and may represent a real genetic differences between the genotypes. By 60 days, however, the three genotypes had similar FSH concentrations and this raises the possibility that the higher FSH found at 30 and 45 days in Booroola lambs may merely reflect an ovarian feedback deficiency in these animals. At birth the ovaries of Booroola lambs have significantly fewer antral follicles than T and 0 lambs (Tassell et al. 1983) . Recent data (Ricordeau et al. 1984) , however, confirm the existence of genetic effects on FSH of ewe lambs between 3 and 7 weeks of age. The progeny of prolific sires had significantly higher FSH than those of sires with low merit for prolificacy. However, our studies of FSH in the oestrous cycle have been less rewarding. Concentrations of FSH were measured (Bindon et a!. 1982) in plasma collected from Booroola ewes classified as FF, F+ and ++ following MPA pessary withdrawal in September and February. In this case FSH was assayed by the heterologous radioimmunoassay (RIA) of Bremner et al. (1980) on composite plasma drawn from the 10 samples taken at 20-min intervals on days 3, 2 and 1 before ovulation (Table 9 ). Although the groups of ewes had mean ovulation rates which were substantially different, these differences could not be directly related to mean FSH concentrations. In the September study FF Booroola ewes had significantly (P<O' 05) higher FSH than F+ or ++ ewes on day -3, i.e. c. 72 h before the expected time of ovulation. The significance of this difference must be questioned because in February (breeding season) there were similar FSH concentrations in all four geI).otypes. This study lacks the refinement of alignment of indi vidual ewes with respect to the LH surge. Mean ovulation rates B Before 3·00",0·46 3·67",0·42 2·17",0·42 I· 33",0·42 1·00",0· 52 After 4·33",0·41 4·50",0·42 I· 83",0·42 1·50",0·42 1·25",0·51
A Hours relative to LH peak. B Ovulation rates for each age group in the cycles before and after the peri-ovulatory period being studied.
In an attempt to obviate some of the limitations of the studies described above, plasma FSH was, therefore, measured by NIAMDD homologous ovine RIA in sequential (3-hourly) plasma samples collected from about day 15 of a normal oestrous cycle, through to day 3 of the subsequent cycle. Booroola (FF or F+) and C Merinos of different ages were compared. Ovulation rates were measured by laparoscopy in the successive cycles of the study and the pre-ovulatory LH discharge was identified by RIA. The areas under the FSH profiles were measured for each ewe for the periods: (i) 96 to 24 h before the LH peak; (ii) 24 to 6 h before the LH peak; (iii) -6 to +6 h from the LH peak; (iv) +6 to +48 h from the LH peak.
The data (Table 10 ) are in agreement with some earlier conclusions regarding FSH patterns in prolific sheep. All ewes showed an FSH discharge coincident with the preovulatory LH discharge. The magnitude of this discharge was similar for both genotypes and all age classes. Most ewes showed a discernible decline in FSH in the 24 h preceding the FSH (and LH) pre-ovulatory discharge, and Booroola ewes had significantly (P<O· 01) higher FSH concentrations during this period. There was also a 'second' FSH peak beginning c. 9 h after the LH discharge and lasting 24-48 h. Adult ewes had a significantly (P<0·05) larger second FSH peak than young ewes, and Booroola ewes had higher FSH concentrations than C ewes at this time. FSH patterns between -96 and -24 h were less well defined, although Booroola and control ewes of both age groups had similar FSH profiles during this period but adults had significantly (P<O· 01) higher FSH levels than young ewes.
Additional evidence for elevated FSH in the Booroola comes from a study of gonadotrophin concentrations in the pituitary gland (Robertson et al. 1983) . The levels of FSH and LH in pituitary cytosols from Booroola ewes killed on day 3 of the cycle and Booroola rams killed in June (winter) were determined using radioreceptor assays for FSH (Cheng 1975) and LH (Leindenberger and Reichert 1972). The pituitary glands of Booroola ewes contained significantly (P<O' 05) more FSH than did those of C Merinos. The difference between genotypes was accentuated when expressed as the FSH: LH ratio (P<O· 00l) because the content of LH was slightly less in Booroola ewes. Similar FSH differences were obtained using the NIAMDD ovine FSH RIA (Table 11 ) on a separate group of ewes' pituitary glands. Is there an alternative to repeated blood sampling or pituitary collection in such studies? It has been known for many years that biologically active FSH and LH are present in sheep urine (Symington 1964) ; the urine may act as a repository for gonadotrophins cleared from the circulation over a period of time and may, therefore, reflect the average plasma gonadotrophin concentration. Small samples of urine are used in this way to measure FSH in the human female (cf. Metcalf and Livesey 1979) .
In a preliminary experiment to test the value of FSH measurements in sheep urine, 14 Booroola and 14 control Merinos were studied in November 1982 (anoestrous season) in the cycle following removal of progesterone implants (Sil-Estrus, Abbott) inserted 14 days earlier. Rams were introduced at implant removal. None of the ewes showed oestrus but all Booroola and six controls ovulated as verified by laparoscopy. Most ewes showed oestrus one cycle later. Six to eight ewes were chosen for 3-h (from approx. 1100 to 1400 h) urine collection by indwelling bladder catheters (Warne 14/30 Foley Catheter) on days 2, 9 and 15 of the cycle, identifying day 1 as equivalent to 72 h after implant removal. Jugular plasma samples were taken at the start and end of each urine sampling period. Booroola ewes excreted significantly (P<O' 05) more FSH than C ewes on day 15 of the cycle. Plasma concentrations were also higher in the Booroola ewes on this day. Indirect evidence for involvement of FSH in ovine prolificacy comes from attempts to increase artificially ovulation rate with exogenous gonadotrophin. It has been shown that superovulation can be readily induced with porcine FSH and that ovulation rate was not increased by adding porcine LH to the treatment (Wright et al. 1981) . Similar results were obtained by Oussaid et at. (1982) in which pulsed injections of ovine FSH + LH, but not ovine LH alone, caused multiple ovulation. Dose of PMSG (i. u.) Fig. 3 . Ovulatory response to pregnant mare serum gonadotrophin by animals selected for prolificacy: (a) Merino T and 0 flocks Booroola and control Merinos (Bindon and Piper 1982a) ; (e) mice strains selected for and against ovulation rate (Bindon and Pennycuik 1974); heifer progeny of bulls selected for twinning .
Ovarian response to exogenous gonadotrophin and pituitary sensitivity to gonadotrophin-releasing hormone
Booroola ewes have a higher ovulatory response to pregnant mare's serum gonadotrophin (PMSG) than C Merinos (Bindon and Piper 1982a; see Fig. 3 ). Further, in Merinos derived from Booroola crosses, those ewes with the F gene are more sensitive to PMSG than ewes without the F gene . These data accord with our earlier demonstration of a similar difference in sensitivity to PMSG between the T and 0 Merinos see Fig. 3 ), and also with results from Romney ewes selected for prolificacy (Smith 1976 ) and more recently from Finnsheep and D'Man breeds (J. F. Quirke, personal communication) . Genetic associations between prolificacy and sensitivity to PMSG may be a general feature of prolific genotypes since it has also been described in mice (Fig. 3 , Bindon and Pennycuik 1974) and cattle (Fig. 3 , Thimonier et al. 1979) . Ovariectomized Booroola ewes are also more sensitive to exogenous GnRH . This may explain the long sexual season of the Booroola because it shows that the Booroola pituitary gland continues to discharge LH at dose levels ofGnRH which cause no discharge in C Merinos.
Ovarian Studies
Role of ovarian inhibin Goodman et al. (1981) concluded that an ovarian factor other than oestradiol and progesterone contributes to the feedback regulation of FSH during the ovine oestrous cycle. It seems likely that this substance is 'inhibin', a non-steroidal gonadal hormone capable of selective suppression of FSH release from the pituitary gland (see Tsonis et al. 1983 for references). Because inhibin has not yet been fully purified, the evidence for its involvement in ovine prolificacy is mainly circumstantial, particularly in experiments which use steroid-free follicular fluid. It is recognized that other protein hormones may exist in follicular fluid and these may act directly on the ovary. The following evidence must be reviewed to place the inhibin studies in perspective. 54±5  78±8  36±8  0·2 ml oFFA  56±5  60±5  29±7  39±8  06 ml oFF  72±5  92±6  13±7  4±8  1·8 ml oFF  121±7  137±7  0  0 Mean ovulation rate" 2·6±0 3 2±0·2
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(i) Ovine follicular fluid prevents ovulation in sheep. Steroid-free ovine follicular fluid (oFF) was shown to suppress oestrus and ovulation in Booroola and C Merinos in a dosedependent manner (Cummins et al. 1980) . In that study (see Table 12 ) oFF was injected subcutaneously on the day of PG analogue injection (day of luteolysis) and on the next day. It is clear that with the highest dose of oFF ovulation was suppressed in all ewes. In later experiments (Cummins 1983) , repeated injections of oFF for 5 days delayed ovulation for at least 12 days. Partially purified oFF (i.e. the peak 2 eluted from a red gel agarose column similar to that of Jansen et al. 1981 , which contains high inhibin activity) was as effective as unpurified oFF in suppressing ovulation.
(ii) Ovinefollicular fluid selectively suppresses FSH in the ewe. The relative suppression ofFSH and LH in ovariectomized Booroola and C Merinos has been studied by injections of oFF . It was shown that FSH was suppressed to about 8% of pretreatment levels by the highest dose of oFF; this dose exceeded that required for suppression of ovulation in the ewe (Table 12 ). There was also a small but significant depression of LH concentrations, although this was less marked than for FSH. The effect of oFF on FSH depression differed between Booroola and control ewes, with an earlier depression of FSH in Booroola ewes after the first injections of oFF. This may indicate increased sensitivity of FSH to inhibin feedback in this genotype.
(iii) Ovaries of Booroola ewes contain less inhibin than the ovaries of C Merinos. Direct evidence that inhibin may playa part in the regulation of ovine prolificacy comes from measurements of inhibin bioactivity using the in vitro pituitary cell culture assay of Scott et al. (1980) in Booroola and C Merino ovarian cytosols. Booroola ewes with a mean ovulation rate of 2·8 had only one-third the ovarian inhibin content of control ewes with a mean of 1 ·2 ovulations (Table 13 ). The ovaries were collected in the mid-luteal phase of the cycle. No difference in ovarian inhibin content could be detected between the moderately prolific T Merino and the 0 Merino (Cummins 1983) . Therefore, low ovarian inhibin may not be a feature of all prolific genotypes. Although conclusions on the significance of inhibin will depend on measurements of inhibin (preferably in plasma) at key stages of the cycle in these genotypes, these results indicate that low inhibin production may be responsible for the higher FSH concentrations seen in the plasma, urine and pituitary gland of the Booroola ewe. Table 13 . Ovarian inhibin in the Booroola Merino Ovarian inhibin content, ovarian weight and ovulation rate of 10 Booroola and 10 control Merinos (means ± s.e. for single ovaries). Data from Cummins et al. (1983) . Inhibin was measured in ovarian cytosol by the in vitro pituitary cell culture assay of Scott et at. (1980 o 6±0· 1 ** 1230± 130*** (iv) Active immunization of Merinos against inhibin-enriched bovine follicular fluid causes increased ovulation rate. The studies of inhibin in the Booroola ovary provide a link between this ovarian hormone and prolificacy. Indirectly this link is substantiated by the increased ovulation rates seen in C Merinos following active immunization against bovine follicular fluid (bFF) partially purified by the method of Jansen et al. (1981) . This was first described by O'Shea et al. (1982) and further results on larger groups of ewes have since been reported . Only 13-30% of immunized ewes had increased ovulation rates and until antibody titre can be measured it will not be possible to explain this variability. However, there have been some spectacular increases in ovulation rate (up to 18) in the immunized groups. These animals appear to have lost control of their ovarian function. This was also found by AI-Obaidi et al. (1983) with Merino lambs immunized from the third week of life which showed early puberty and had up to eight ovulations per oestrous cycle.
The physiological basis of this phenomenon is still uncertain. The serum of immunized ewes forms precipitin lines against partially purified bovine FF in immunodiffusion tests (O'Shea et al. 1982) and will neutralize the ovulation-inhibiting effect of bovine FF in the mouse (Cummins 1983) . However, the actively immunized ewes with high ovulation rates do not always show increased plasma FSH concentrations and it is possible that the immunization may be directed against another intra-ovarian peptide.
(v) Significance of the day 2 FSH peak: effect of depression by ovine follicular fluid. The effects of in hi bin discussed above suggest that it may be useful for selective depression of FSH in vivo. Cummins (1983) used oFF to depress the 'second' FSH peak in the normal oestrous cycle of Booroola and C Merinos and assessed ovulation rate one cycle later. Thirty (10 per subclass) ewes from each genotype were injected with nil (i.e. sheep plasma), 0·6 ml or 1 . 8 ml of oFF four times during the period 8-35 h after the onset of oestrus. Plasma samples for FSH assay were taken (three at 2-hourly intervals) commencing at 17, 26 and 35 h after onset of oestrus. Ovulation rates and cycle lengths of either genotype were not altered by treatment with oFF. However, FSH concentrations were substantially depressed by treatments with oFF, by 53 and 69% for the low and high doses of follicular fluid, respectively. If the second FSH peak has any influence on ovulation rate in the next cycle this degree of interference might have been expected to alter either ovulation rate or cycle length (i.e. in the event that the FSH peak was delayed rather than suppressed).
The results presented above suggest that a deficiency of ovarian inhibin may be a key to the Booroola's high ovulation rate, probably mediated by elevated concentration of FSH during the oestrous cycle. The advancement of puberty and increased ovulation rates of normal Merinos immunized against an inhibin-enriched fraction of bovine follicular fluid provides additional circumstantial evidence for this conclusion.
Ovarian follicle number and morphology
The prolific Romanov breed has significantly more ovarian antral follicles than the Ile-de-France breed ofIow prolificacy (Cahill et al. 1979) . In two studies of ovarian follicle populations of Booroola ewes conflicting results have emerged. Cahill et at. (1982) reported that Booroola ewes had more antral follicles than C Merinos, while another assessment (K. E. Turnbull, unpublished data) revealed no significant difference between the genotypes. What then is the significance of follicle populations and development in the regulation of ovulation rate? In the sheep the number of follicles can be reduced by 50% as late as day 14 of the oestrous cycle (i.e. by hem i-ovariectomy) without reducing ovulation rate (Land 1973b) , which suggests that the ewe can rapidly compensate for an alteration in follicle number. Stage of development also appears not to be critical; when luteolysis is induced prematurely in the oestrous cycle, ovulation rate remains unchanged from that of the previous cycle for breeds of low and high prolificacy .
Ewes carrying one copy of the F gene have significantly less granulosa cells in follicles during pre-ovulatory development. Individual Booroola follicles are significantly smaller and ovulate with approximately half the number of granulosa cells (Baird et al. 1982) . This has led to the conclusion (Scaramuzzi et at. 1981) that Booroola follicles acquire the ability to ovulate at one developmental stage earlier than C Merinos. The reduced granulosa cell population of Booroola follicles could account for the low ovarian inhibin content ) of this genotype, since the granulosa cells are the principal site of inhibin synthesis (Henderson and Franchimont 1983) .
.
Plasma concentration of oestrogen and androgen and pituitary sensitivity to steroid feedback
Peripheral concentrations of oestradiol and androstenedione are not significantly different in Booroola and 0 Merinos during the oestrous cycle (Scaramuzzi and Radford 1983) . Ovarian vein concentrations have not been measured. Studies of other prolific breeds lead to the same conclusion (Scaramuzzi and Land 1978; Bindon et al. 1979) . Evidently the extra folicles that mature and ovulate in prolific breeds do not secrete additional oestrogen. Cummins (1983) studied the negative feedback of LH by 5, 15 and 45 p,g oestradiol in ovarectomized Booroola and C Merinos and found no difference in the sensitivity of the two genotypes. It has been proposed (Land et al. 1976 ) that such differences in sensitivity may be responsible for the high ovulation rates of the prolific Finnsheep breed. No. of corpora lutea Bindon et al. (1971) .
Luteal junction
A curious feature of luteal function in the Booroola is that plasma concentrations of progesterone on days 9-11 of the oestrous cycle do not increase with increasing ovulation rate in sharp contrast to that seen when ovulation rates are increased by PMSG (Fig. 4) . The basis for this is not known, although it appears to result from reduced weights of individual Booroola corpora lutea. It is thought that this, in tum, reflects the smaller granulosa cell volumes of Booroola follicles at the time of ovulation (Scaramuzzi et al. 1981) . At ovulation rates of 1 or 2 Booroo1a ewes have significantly higher plasma progesterone concentrations than C Merinos. The significance of this difference is yet to be established. In the prolific Finnsheep (Quirke et at. 1979 ) plasma progesterone concentration is also independent of ovulation rate.
The physiological significance of the lack of increase in progesterone secretion of Booroola ewes with multiple ovulation is not known. It may be relevant to the wastage of potential embryos in Booroola ewes described earlier, since embryo survival is dependent on progesterone until day 50 of pregnancy (Bindon 1971) . The amount of circulating progesterone per potential embryo decreases significantly in Booroola ewes as ovulation rate exceeds three. However, preliminary evidence from supplementation of Booroola ewes with exogenous progesterone during early pregnancy discounts the idea that progesterone deficiency is responsible for embryonic wastage (B. M. Bindon and L. R. Piper, unpublished data). The fact that ewes with low ovulation rates are quite capable of supporting up to three embryos in egg-transfer studies (Hanrahan and Quirke 1976; Bindon et al. 1978a) , also indicates that increased plasma progesterone is not an essential requirement for increased litter size.
Reproductive Biology and Endocrinology of the Booroola Ram
Although prolificacy can only be expressed in the female, there are good reasons for trying to establish correlated variables in the male. It would greatly simplify selection for prolificacy if, for example, rams could be selected directly rather than on the basis of their female relatives' ovulation rate or litter size. In the case of the Booroo1a, studies of the ram are even more important, because they may lead to methods of direct identification of male carriers of the F gene, presently only possible by laborious progeny test.
Testicular Growth and Production of Spermatozoa
Testis growth has been studied during the period 4-18 months of age in rams of Booroola, T and 0 flocks (Bindon and Piper 1976) . When expressed relative to liveweight there was no evidence that Booroola ramS had faster testis growth. This has been confirmed in rams from Booroola crosses with other breeds and more recently by demonstrating that crossbred rams with and without the F gene had testes of similar size (Purvis et at. 1983) . The lack of any significant difference in total daily sperm production between Booroola and C Merino rams is consistent with the results for testis size.
These findings contrast with that seen in the prolific Finnsheep, which has faster testis growth (Land and Sales 1977) than other breeds. It is also at variance with the general theory of Land (l973a) on the genetic association between prolificacy and testis size.
Gonadotrophin Studies of the Booroola Ram
Early attempts to show differences in concentrations of plasma LH and testosterone or the sensitivity to exogenous GnRH between Booroola and C Merino rams were unsuccessful (Stelmasiak et at. 1978) .
As the case for FSH involvement in the Booroola female developed, the search for possible differences in the Booroola ram was resumed, despite earlier data showing that 3~-day old ram lambs of Booroola T, 0 and C genotypes examined (Findlay and Bindon 1976) and rams aged 1 year had similar FSH concentrations. To begin with, the plasma and urinary FSH and plasma LH was examined in 12 Booroola rams (with high genetic merit based on dams' ovulation rate records), and 12 C Merino rams aged 2 years. Urine was collected during a 3-h period during which time four plasma samples were taken at intervals of I h. The results are summarized in Table 14 . The genotypes do not differ in any of the gonadotrophin measurements. LH was not consistently detected in urine.
Plasma FSH concentrations in the adult ram were very low. Perhaps this reflects the constant feedback suppression of pituitary FSH secretion by testicular androgens and inhibin or it may represent more rapid and continuous utilization of FSH by the ram testis. This leads then to the possibility that in the adult the presence of the testis masks potential differences in gonadotrophin concentrations between the Booroola and rams of other genotypes. Indirect support for this idea comes from the recent demonstration by Sanford et al. (1982) that prepubertal Finnsheep rams had significantly (P<O·OI) higher plasma FSH than Suffolk rams. There was no difference when the rams were compared as adults. When Booroola and control Merino rams were surgically castrated and the postcastration rise of plasma FSH and LH concentrations measured, the rate of rise in FSH and LH was similar for both genotypes in the period to 192 h after castration (M. A. Hillard, B. M. Bindon and L. R. Piper, unpublished data) . From these results the outlook for identifying gonadotrophin differences between the Booroola and C Merino rams is not encouraging. However, the fact that the differences in ram pituitary FSH approached significance (Robertson et al. 1983) indicates that research should continue, particularly on the prepubertal ram.
It remains a paradox that the Booroola gene, which has such a disruptive effect on the ovarian physiology of the ewe, has no significant impact on the gonad of the male or, apparently, the gonadotrophic hormones which regulate it. For the present, the effects of the F gene must be regarded as sex-limited.
Booroola Gene Theories
It is interesting to speculate on the mode of action of the Booroola gene. The evidence presented in this paper indicates that the primary effect of the F gene is on the ovary where it causes more than the normal (i.e. for Merino sheep) number of antral follicles to mature and ovulate in each oestrous cycle. What is the basis of this phenomenon? The most plausible theory that complies with the evidence available is that the Booroola gene causes a deficiency of inhibin , resulting in reduced feedback inhibition of FSH secretion. The data in this paper confirm that the prepubertal Booroola ewe lamb and adult ewe have elevated plasma FSH and this is substantiated by the higher concentrations of bioactive and immunoactive FSH in the Booroola ewe pituitary gland and elevated immunoactive FSH in the urine. Is FSH the key regulator of ovulation rate?
Based on present knowledge it is difficult not to conclude that multiple ovulation in the sheep results from excessive FSH stimulation of the ovary. The fact that superovulation can be induced in sheep by infusion of FSH but not LH supports this view.
The prolificacy of the D'Man breed is thought to result from elevated FSH during the oestrous cycle (Lahlou-Kassi and Marie 1984 ). Yet there is no evidence that major genes are responsible for the prolificacy of this breed. It will be important to establish if the D'Man breed is also deficient in ovarian inhibin, or if its elevated plasma FSH concentrations can be traced to another cause.
There is no precedent for major genes affecting prolificacy of sheep. Nor indeed is there any precedent in other domestic livestock for a single gene that influences ovarian function in the way described here for the Booroola. It has been suggested that dizygotic twinning in man is controlled by a completely recessive gene (Bulmer 1970) , but this is in contrast to the Booroola F gene whose effects are additive for both ovulation rate and litter size (Piper et at. 1984 ). An interesting endocrine analogy is provided by the report (Nylander 1978 ) that women with high frequencies of dizygotic twinning have elevated FSH during the peri-ovulatory period of the oestrous cycle.
In searching for other explanations for the effects of the Booroola gene it is attractive to consider the idea that altered FSH metabolism may be involved. It is known that ovine FSH is a glycoprotein whose sialic acid residues are essential for its ovulation-inducing activity in vivo (Yang and Papkoff 1973) . Desialylated FSH is rapidly cleared from the circulation by specific liver receptors (Morell et at. 1971) . It is also known that glycoproteins are degraded within lysosomes by the sequential action of neuraminidase, a-L-fucosidase, iJ-D-galactosidase, iJ-N-acetyl-D-glucosaminidase, a-mannosidase and iJ-mannosidase (Jones and Dawson 1981 ). An inherited deficiency of any of these enzymes could conceivably alter the half-life of the glycoprotein in question, thereby increasing its in vivo biological activity. In the case of FSH, whose half-life is dependent on neuraminic acid content (Morell et at. 1971) , a lysosomal deficiency of neuraminidase could significantly alter the metabolism of this hormone.
Single-gene deficiencies of all the above enzymes have been described in either man or domestic animals (Jones and Dawson 1981) . A specific deficiency ofliver neuraminidase has also been traced to the action of a single gene in the clinically normal SM/J mouse strain (Womack et at. 1981). It is possible that the F gene may be a variant of the above genetic disorders. To prove this it will be necessary to demonstrate longer FSH half-life in the Booroola as well as showing that the enzyme deficiency segregates in accordance with the F gene as identified by other criteria. If neuraminidase deficiency were the primary 'lesion' of the Booroola gene then one would expect to see elevated plasma FSH in all Booroola animals. The fact that ovariectomized Booroola ewes do not have higher plasma FSH concentrations (Cummins et at. 1983) would tend to make the enzyme deficiency theory less tenable.
An alternative theory, not developed during the Goding Lecture, is that the Booroola follicle itself may be the site of action of the F gene. Some of our earlier studies (Bindon et at. 1971; Bindon and Pennycuik 1974) showed that follicles of prolific genotypes are more sensitive to exogenous gonadotropin and this was subsequently confirmed in ewes carrying the F gene (Bindon and Piper 1982a; . It is not yet established if this is due to differences in follicle size or number, the size of the 'recruitable' follicle population, follicle growth rate, rate of atresia, acquisition of gonadotrophin receptors or the production of inhibitory factors other than inhibin. All these possibilities are under investigation in Australia and New Zealand.
Conclusion
The Booroola Merino is an interesting genetic model of ovineprolificacy. The animal has an apparently unique genetic basis and an obscure background that may go back to the earliest introductions of sheep into Australia. The Booroola is potentially valuable as a genetic resource for the improvement of sheep production in Australia and elsewhere.
Although the Booroola's exceptional ovulatory physiology has provided the basis for much interesting reproductive biology, it is clear that a complete understanding of the animal has yet to be achieved. Of particular interest is the lack of evidence for the expression of the F gene in the Booroola male. Further research may identify the primary product of this gene, making novel manipulations of the gene possible in sheep and other species.
